Abstract: This paper proposes and demonstrates a 31.25 Gbps two-dimensional eight level pulse amplitude modulation with trellis coded modulation (2D-PAM8-TCM) transmission in intensity modulation and direct detection based short reach system. In this system, the commercial directly modulated laser and photodiode with trans-impedance amplifier (PIN-TIA) with a combined modulation bandwidth of ∼16 GHz are used as transmitter and receiver, respectively. For 2D-PAM8-TCM signals, except for regular 8-state convolutional encoder, both 16-state and 32-state encoders are provided. Considering the coding gain and the complexity of convolutional encoder, the 16-state one is recommended. Moreover, instead of Viterbi decoder, the M-algorithm is utilized at the receiver side to reduce decoder complexity. It is experimentally demonstrated that 2D-PAM8-TCM scheme can achieve 2.5 b per symbol and ∼0.5 dB sensitivity improvement (bit error rate @3.8 × 10 −3 ) over a 20 km standard single mode fiber in comparison with conventional PAM4. Thanks to no additional digital signal processing in receiver side except M-algorithm, this scheme is simple and effective, which can be considered as an attractive technique for future short reach system.
Spectral Efficiency Improved 2D-PAM8 Trellis Coded Modulation for Short Reach
Optical System
Introduction
With the demand of bandwidth increasing, the capacity crunch is imminent in short reach optical communication system. To address this problem, various high-speed optical transmission schemes are being widely investigated within the IEEE P802.3bs 400 Gigabit Ethernet Task Force [1] . The popular solution is multiple-wavelength transmission and feasible schemes are 4λ × 25 Gbps/λ for 100 Gbps and 4λ × 100 Gbps/λ for 400 Gbps. The impact of dispersion and the high cost of implementation at higher bit rates are the main challenges for upgrading the serial bitrates in short reach system. Among many candidate solutions, IM/DD system is an attractive candidate because of its low cost. Based on this system, several advanced modulation formats are hotly debated, such as PAM-M, discrete multi-tone modulation (DMT) and carrier-less amplitude phase modulation (CAP) [2] - [10] . PAM-M is advantageous over DMT and CAP for two reasons. One is that it is compliant with log 2 M bits digital-to-analog converters (DAC), thus simplifying the transmitter, the other is that DMT and CAP can entail the significant increase of cost, complexity, latency and energy consumption. Therefore, PAM-M modulation formats are more feasible in short reach optical system. PAM4 outperforms other high order PAM-M. However, it is still limited by the system power budget. Many schemes with revised PAM4 technologies have been demonstrated to address this problem. In [11] , two-dimensional coded PAM4 scheme defines an alphabet with a total of 16 symbols, from which subsets of 8 symbols can be selected to increase the minimum Euclidean distance. Cristian et al. experimentally verified that TCM outperforms PAM4 at bit rates between 56 and 80 Gbps and concluded it is a valid candidate for 8λ × 50 G implementation of future 400 G wave division multiplexing (WDM) networks [12] . Attracted by various revised PAM4 technologies, we often ignore the fact that high spectral efficiency could significantly relax the bandwidth requirements of the optoelectronic devices. Therefore, high-order PAM-M need to be further investigated. As [13] reported, 32 Gbaud PAM8 transmission by evolving a 1.55-μm EML-based IM/DD is experimentally evaluated. With the implementation of equalizer, below 1 × 10 −3 BER performances are demonstrated. Nevertheless, this scheme is not very attractive for the complex DSP and the poor performance. M. A. Mestre et al. demonstrated a single-polarization driver-free, direct-detection PAM8 transceiver enabled by a high-speed selector power DAC fabricated in Inp DHBT and successfully transmits 168 Gbit/s line-rate over 2 km distance without amplification [14] . Obviously, such a method leads to high cost for its high speed optics.
In our previous report [15] , we have demonstrated an alternative approach of 25Gbps 2D TCM PAM4 for TDM-PON with 10 GHz optics. Extending our previous study, a 2D-PAM8-TCM scheme is illustrated to improve spectral efficiency and achieve high power budget. By employing commercially available 16 GHz 3 dB bandwidth transmitter and receiver, we demonstrate a 31.25 Gbps 2D-PAM8-TCM transmission in O-band optical short reach applications. In addition, a performance comparison with different states of convolutional encoder, including 8-state, 16-state and 32-state encoder is shown. Instead of Viterbi decoder, the M-algorithm is utilized at the receiver side to reduce decoder complexity and the optimum M value is also analyzed in experiment. At last, a detailed performance comparison between conventional PAM4 and 2D-PAM8-TCM is presented.
Principles
Coding and modulation are usually regarded as two independent aspects of the communication link, but they are combined together in TCM system. As depicted in Fig. 1(a) , the function block of a 2D-PAM8-TCM consists of a trellis encoder and a constellation mapper. When the sum of coded bits and uncoded bits for 2D-PAM8-TCM is 5, the ratio of coded bits to uncoded bits does not impact on performance, coding gain and decoder complexity of 2D-PAM8-TCM. Since rate 2/3 convolutional encoder has more choice of states, which could lead to flexible coding gain, rate 2/3 convolutional encoder is selected in this architecture. After the last two bits of every five raw information bits pass through a rate 2/3 convolutional encoder, three coded bits are generated, which plus three uncoded bits equals six bits. According to set partitioning process of constellation mapper shown in Fig. 2 , six bits are mapped into 64 constellation points [17] . Finally, two PAM8 symbols (Z1 and Z2) can be obtained and each of these two serial output symbols occupies a single time dimension. With five input bits producing the two symbols, the code rate is 5/6 and bit efficiency is 5/2 = 2.5 bits per symbol. In addition, considering that more states can bring more coding gain, 8-state, 16-state and 32-state convolutional encoder architectures are presented in Fig. 1 
Set partitioning is an important part of 2D-PAM8-TCM. Its key idea is to map six-bit input words to 64 constellation points such that the transitions of constellations are limited to occur only along the largest minimum squared Euclidean distance (MSED). Fig. 2 shows an example of set partitioning process for 2D-PAM8-TCM constellations. Here, we have six incoming bits and the initial 2D-PAM8-TCM constellation has 64 points in the 2D vector space. The MSED between these initial constellations is denoted as d 2 0 . As the subsets are partitioned, the signals get further apart increasing the Euclidean distance between the signals in that set. First-step set partitioning of the 2D-PAM8-TCM constellation generates two subsets. Each subset has 32 constellation points and MSED between them is extended to 2d 2 0 . Next, third-step set-partitioning process generates eight subsets and MSED between them is 8d 2 0 . These subsets are shown in Table 1 . Fig. 3(a) shows the trellis diagram of the code generated by the 8-state convolutional encoder shown in Fig. 1(b) , which presents how symbols are transmitted with an 2D-PAM8-TCM modulation formats [18] . Dots stand for eight possible states corresponding to logical levels of three shift registers in 8-state encoder. Three coded output bits and their corresponding subset are both shown on each path. These trellis paths are shown in two adjacent time periods (T1 and T2).
As the representations of different distances, red lines and blue lines are shown in Fig. 3 . The closest two paths are shown by red lines and the distance between these paths determines the δ 2 fr ee , which is the sum of the MSED of coded bits in all time periods.
(1) As shown in (1),
] means MSED between a constellation point in subset S0 and point in a subset S1 in T1 time period. As blue lines shown in Fig. 3(b) , due to different combination of three uncoded bits, there are eight trellis paths in corresponding subset of three coded bits, which are called parallel paths. Given three coded bits, decoding three uncoded bits is to determine which parallel path is right in this subset. The distance between these parallel paths is given by
Noted that all these distances could be calculated according to set partitioning diagram in Fig. 2 . 
Launched at the same average optical power with TCM, the minimum shortest Euclidean distance of conventional PAM8 is described as 
The coding gain of 2D-PAM8-TCM over conventional PAM8 is expressed as
Similarly, the coding gain of 2D-PAM8-TCM over conventional PAM4 is expressed as
Substituting (3) and (4) into (6), we obtain γ 8 > 1. In the same way, γ 4 > 1 can be obtained by substituting (3) and (5) into (7). Thus 2D-PAM8-TCM can achieve a higher signal-to-noise ratio(SNR) than the conventional PAM8 and PAM4.
At the receiver end, instead of Viterbi decoder, M-algorithm decoder is employed to realize the decoding process [19] . This algorithm could significantly reduce the complexity of trellis decoding by reducing the trellis. At each trellis depth, only the best M states with the smallest cumulative metric values are retained and the rest are terminated. No branch is extended from these terminated states. As each new signal vector is received, the algorithm extends the M retained states to the next trellis, identifies the survivor for each new state and sorts the set of new paths according to their cumulative metric values. The best M of them are retained, the rest are terminated. This process is repeated until the end of the trellis is reached. The complexity reduction achieved using the M-algorithm grows with the number of retaining states. Thus, one can easily adjust the parameter M to meet a desired computational complexity level.
Experimental Details
As depicted in Fig. 4(a) , the performance of 2D-PAM8-TCM based on 16 GHz optical devices is measured in this experiment. Its encoding is executed offline which consists of pseudo random binary sequence (PRBS) generator, 2/3 rate convolutional encoder and constellation mapping. 8-state, 16-state and 32-state convolutional encoder architectures are all tested in this experiment. Firstly, the PRBS signal is generated in Matlab, then the PRBS sequence passes through the convolutional encoder, 3 uncoded bits are added to every 3 encoded bits. After convolutional encoder, all of 6 bits are mapped into 64 constellations by mapping diagram shown in Fig. 2 . Multiplexing pulse pattern generator (PPG, N4951B pattern generator) with two power dividers, we obtained 2D-PAM8-TCM electrical symbols. After that, they are modulated on commercially available DFB laser (XGT-9005A) with a ∼80 mA DC bias. The output wavelength of this DML is 1310 nm. Then, the modulated optical signal is coupled into a 10 km or 20 km standard single mode fiber (SSMF). At the receiver side, the variable optical attenuator is used to adjust the optical power into a photodiode with trans-impedance amplifier (PIN-TIA) (Nortel networks PP-10G). The electrical signal is sampled at 80GS/s by a digital storage oscilloscope (DSO) with 20 GHz bandwidth. When compared to conventional PAM8, there are no additional requirements of high bits resolution for 2D-PAM8-TCM decoder. The decoder should be quantized to a resolution of no more than 5-bit. Finally, the stored signal is directly processed offline by M-algorithm decoder without additional DSP. Two comparison experiments are performed. One is the comparison between PAM4 and 2D-PAM8-TCM at same baud rate and the other is the comparison between PAM8 and 2D-PAM8-TCM at same bit rate. It should be pointed out that this modulation format requires 1/5 higher baud rate than PAM8 to achieve the same bit rate. To transport 31.25 Gbps bit rate, the corresponding baud rates of PAM8 and 2D-PAM8-TCM are 10.42 Gbaud and 12.5 Gbaud, respectively. To transport 12.5 Gbaud signal, the corresponding bit rates of PAM4 and 2D PAM4 TCM are 25 Gbps and 31.25 Gbps, respectively. The eye diagram of PAM4 and PAM8 in optical BtB transmission is showed in Fig. 4(b) and (c), respectively. Clear open eyes are observed for both the PAM4 and PAM8 at 12.5 Gbaud. The PAM8 scheme is more sensitive to the optical received power than PAM4. Slight compression in the eye diagrams will be presented between the 2 higher levels due to a compromising optimal point by balancing the linearity and modulation depth of modulator for a higher receiver optical power. 
Results and Discussion
In order to evaluate the feasibility of 2D-PAM8-TCM under IM/DD short reach transmission system, several performance comparisons are presented. Firstly, we investigate the performance of 2D-PAM8-TCM by varying the number of convolutional encoder states. Next, M-algorithm decoder is applied and the optimum M value for different number of states can be obtained. At last, we compare the performance of conventional PAM4 and 2D-PAM8-TCM at same baud rate in terms of BER.
Performance of Three Types Convolutional Encoder
As mentioned in Fig. 2 , the number of convolutional encoder states influences the performance of TCM. Here, three types convolutional encoder are evaluated, including 8-state, 16-state and 32-state in Fig. 5 . 2D-PAM8-TCM with 16-state is roughly better than 2D-PAM8-TCM with 8-state in optical BtB transmission and the gain is slightly over the FEC threshold with 0.5 dB. Meantime, compared to 16-state, the gain of 2D TCM with 32-state grows less than 0.2 dB. The parallel distances of 8-state, 16-state and 32-state are the same, and increasing the number of state does not always lead to larger coding gain, especially if coding gains are close to the limit, so the coding gain is only 0.2 dB by upgrading to 32-state. Due to the small gain we consider that it is not worth upgrading to a 32-state convolutional encoder from an 16-state convolutional encoder with the extra complexity in practical implementation. Therefore, considering both sensitivity gain and complexity of convolutional encoder, 16-state encoder architecture is recommended in short reach applications.
Varying M Value of M-Algorithm
To reduce the complexity of trellis decoding, M-algorithm is applied to 2D-PAM8-TCM. At each trellis depth, only the best M-states with the highest cumulative metric values are retained. In Fig. 6 , the performance of the M-algorithm for three version encoder 2D-PAM8-TCM are demonstrated. Fig. 6(a) presents the performance of the M-algorithm for decoding a 8-state 2D-PAM8-TCM. The parameters considered are given in the figure caption. We find that near-optimum results are achieved by retaining only 1/4 of the states. Taking the 8-state convolutional encoder for example, Viterbi decoder is equivalent to M-algorithm when M equals to 8. Compared to Viterbi decoder, the total number of branch metric calculations for the trellis is reduced from 64l to 8Ml, where l is the length of trellis and the total number determines the complexity. Fig. 6(b) and (c) demonstrates the performance of the M-algorithm for decoding a 16-state and 32-state 2D-PAM8-TCM. Here, for a larger trellis with more states than the previous example, near-optimum results are achieved by retaining only half of the total number of states. The complexity reduction achieved using the Malgorithm grows with the number of retaining states. Therefore, one can easily adjust the parameter M to meet a desired computational complexity level. 
2D-PAM8-TCM Versus PAM4 Comparison at 12.5 Gbaud
The performance of PAM8 is presented for reference. Fig. 7(a) shows the BER of PAM8 and 2D-PAM8-TCM at same bit rate as a function of optical received power. And we find that the performances of these two modulation formats are almost the same for BtB, 10 km and 20 km links due to zero dispersion in 1310 nm. The sensitivity of 2D-PAM8-TCM in BtB case is about -12.3 dBm when it reaches the threshold (BER @3.8 x 10 −3 ) and it yields ∼2 dB sensitivity gain compared to conventional PAM8. This sensitivity gain confirmed the above analysis of coding gain in (6) . Fig. 7(b) shows the BER vs. optical received power for the PAM4 and 2D-PAM8-TCM at same baud rate. In comparison to PAM4, 2D-PAM8-TCM transmits extra 0.5 bits per symbol. When received power is lower than -13.8 dBm, 2D-PAM8-TCM has a poor BER. When power comes to -13.8 dBm, 2D-PAM8-TCM shows a little superiority with an extra 0.5 dB gain (BER @3.8 x 10 −3 ) yielded by the sensitivity gain in (7) . And its BER curve drops fast as received power increasing. Based on performance comparison of conventional PAM4 and 2D-PAM8-TCM we believe 2D-PAM8-TCM is a promising solution for short reach systems in future.
Conclusion
In this paper, we propose and demonstrate a 31.25 Gbps 2D-PAM8-TCM transmission in IM/DD short reach system. In this system, the commercial directly modulated laser (DML) and PIN-TIA with a combined modulation bandwidth of ∼16 GHz are used as transmitter and receiver. In addition, a performance comparison with different states of convolutional encoder, including 8-state, 16-state and 32-state is performed. Considering the coding gain and the complexity of convolutional encoder, the 16-state convolutional encoder is recommended. Moreover, the M-algorithm is utilized at the receiver side to reduce the complexity caused by TCM and the optimum M value has been found according to the experimental results. Compared with the conventional PAM4 modulation format, 2D-PAM8-TCM transmits 2.5 bits per symbol and achieves a receiver sensitivity gain of about ∼0.5 dB at 1310 nm wavelength (BER@3.8 × 10 −3 ) over a 20 km standard single mode fiber.
